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SUMMARY 

Experiment M-6 w a s  designed t o  determine t h e  e f f e c t  upon t h e  ske le-  
t a l  system of  prolonged weight lessness  and immobilization a s s o c i a t e d  wi th  
t h e  cockpi t  of  t h e  Gemini V s p a c e c r a f t .  Accordingly,  a bone demineral-  
i z a t i o n  study w a s  conducted on bo th  t h e  primary and backup crews of  t h e  
8-day Gemini V mission u t i l i z i n g  t h e  same method of rad iographic  bone 
densi tometry as t h a t  o f  t h e  Gemini IV f l i g h t .  Radiographs were made pre-  
f l i g h t  and p o s t f l i g h t  of  t h e  l e f t  foo t  i n  l a t e r a l  p r o j e c t i o n  and t h e  l e f t  
hand i n  p o s t e r i o r - a n t e r i o r  p r o j e c t i o n  of each a s t ronau t  a t  (a) 10 days,  
4 days,  2 days and on t h e  morning of l i f t - o f f  a t  Cape Kennedy; ( b )  on 
t h e  a i r c r a f t  c a r r i e r  U.S.S. Lake Champlain immediately a f t e r  recovery 
and aga in  a f te r  24 hours ;  and ( c )  at the  Manned Spacecraf t  Center at 
10  days and 58 days fol lowing recovery.  

Since d i f f e r e n t  X-ray u n i t s  were used a t  t h e  sepa ra t e  l o c a l e s ,  t h e  
rad iographs  prepared f o r  densi tometry were s tandard ized  by t h r e e  methods: 
(a) by t h e  use  of  an aluminum a l l o y  wedge exposed ad jacent  t o  t h e  bone; 
( b )  by use  of  a roentgen meter t o  determine t h e  c a l i b r a t e d  k i l o v o l t a g e  
producing i d e n t i c a l  beam q u a l i t i e s  i n  each o f  t h e  t h r e e  X-ray u n i t s ;  and 
( c )  by exposing a t  each t e s t i n g  s i t e  a s tandard absorber  composed of bone 
ash i n  an organic  ma t r ix  ( c a s e i n )  and enclosed i n  a t i s s u e - s i m u l a t i n g  
absorber  ( p l e x i g l a s s )  t o  d e t e c t  poss ib l e  technique  v a r i a t i o n s  a t  t h e  
t h r e e  l o c a t i o n s  involved.  

Losses i n  X-ray absorbence between radiographs made immediately p r e -  
f l i g h t  and p o s t f l i g h t  ( i n  terms o f  X-ray equiva len t  aluminum a l l o y  mass) 
a t  t h e  convent ional  os c a l c i s  t r a c i n g  path were 15.1 pe rcen t  i n  t h e  com- 
rnand p i l o t  and 8 . 2  percent  i n  t h e  p i l o t .  
va lue  w a s  compared with t h e  average of  the  f o u r  p r e f l i g h t  va lues  t h e  

When t h e  immediate p o s t f l i g h t  
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l o s s e s  were 19.3 percent  f o r  t h e  command p i l o t  and 9.0 percen t  f o r  t h e  
p i l o t .  

Losses i n  X-ray wedge mass equivalency i n  t h e  d i s t a l  r a d i u s  - a 
bone not examined i n  Gemini IV - were -25.3 percent  and -22.3 percent  
f o r  t h e  command p i l o t  and p i l o t ,  r e s p e c t i v e l y .  I n  t h e  t a lus  of t h e  l e f t  
f o o t ,  a l s o  not  examined i n  previous  f l i g h t s ,  a decrease of  13.2 pe rcen t  
occurred i n  t h e  command p i l o t  and a decrease  of  9.8 pe rcen t  i n  t h e  p i l o t .  

I n  i n t e r p r e t i n g  t h e s e  d a t a ,  it should b e  understood t h a t  changes i n  
X-ray absorbency of bone involve not only calcium, b u t  a l s o  o t h e r  minera l  
c o n s t i t u e n t s  of calcium hydroxyapat i te  ( t h e  ch ie f  minera l  component of 
bone) ,  as wel l  as i n t e r s t i t i a l  and over- and underlying p r o t e i n .  

METHODS 

Bone Densitometer Assembly 

The ins t rumenta t ion  used i n  t h e  photometric eva lua t ion  of  bone den- 
s i t y  i s  a s p e c i a l  analog computer c o n s i s t i n g  of  a s e r i e s  of subassem- 
i j l i c s ,  a l l  dFsigned t o  operate t oge the r  as a completely i n t e g r a t e d  
system. Thc t h e o r e t i c a l  a spec t s  and ins t rumenta t ion  have been descr ibed  
i n  d e t a i l  i n  re ferences  1 and 4 .  
method and some s p e c i f i c  a p p l i c a t i o n s  of t h e  method have been r epor t ed  
i n  refErences 2, 3 and 7.  

The h i s t o r y  of t h e  development of t h e  

Standard Radiographic Exposure Technique 

The t h r e e  d i agnos t i c  X-ray u n i t s  used i n  t h e  study were s tandard-  
i z e d  with a c e n t r a l  u n i t  a t  Texas Woman’s Univers i ty  by means of a 
c a l i b r a t i o n  curve r e l a t i n g  k i l o v o l t a g e  with t h e  X-ray t r ansmi t t ance  i n  
mi l l i roen tgens  through a s tandard  2-mil l imeter  aluminum f i l t e r  under a 
s p e c i f i c  X-ray i n t e n s i t y .  Under t h e  exposure condi t ions  u t i l i z e d ,  a l l  
u n i t s  y i e lded  a beam q u a l i t y  equiva len t  t o  60 k i l o v o l t s  t o  a s su re  a 
constant  r e l a t i o n s h i p  among t h e  mass absorp t ion  c o e f f i c i e n t s  of hydroxy- 
a p a t i t e ,  water ,  p r o t e i n ,  f a t ,  and aluminum alloy. 

Evaluat ions of Wedge Mass Equivalency 

In  t h e  previous i n v e s t i g a t i o n  of  bone mass changes be fo re ,  during,  
and a f t e r  t h e  Gemini IV f l i g h t ,  two bones were examined: 
o s  c a l c i s  o r  h e e l  bone, and ( b )  phalanx 5-2 of t h e  l e f t  hand. 
cur ren t  study t h e  sane two bones were examined with t h e  add i t ion  of 

( a )  t h e  l e f t  
I n  t h e  



111 

phalanx 4-2, t h e  d i s t a l  end of t h e  l e f t  r a d i u s ,  and t h e  l e f t  t a l u s .  
anatomical  s i t e s  examined a r e  discussed i n  t h e  fo l lowing  p a r t ,  and a r e  
i l l u s t r a t e d  i n  f i g u r e s  7-1 through 7-4. 

The 

Cen t ra l  o s  c a l c i s  s ec t ion . -  This anatomical  s i t e  w a s  used i n  t h e  
M-6 experiment i n  t h e  Gemini IV f l i g h t  and h a s  been repea ted  i n  t h e  - 
Gemini V mission.  The t r a c i n g  pa th  across  t h e  l e f t  os c a l c i s  i n  l a t e r a l  
p r o j e c t i o n  ( f i g .  7-1) runs diagonal ly  between conspicuous p o s t e r i o r  and 
a n t e r i o r  landmarks which, by superimposing success ive  rad iographs ,  can 
be  a c c u r a t e l y  reproduced i n  s e r i a l  films of  t h e  same i n d i v i d u d .  This  
s i n g l e  p a t h  (1.3 mm i n  width)  i s  known as t h e  "convent ional  scan."  

Mul t ip l e  p a r a l l e l  os  c a l c i s  eva lua t ions . -  Approximately 60 percent  
of t h e  t o t a l  os c a l c i s  mass i s  evaluated i n  t h e  p a r a l l e l  pa th  system. 
Af t e r  making t h e  convent ional  scan,  a s e r i e s  of  p a r a l l e l  pa ths  1.0 m i l -  
l i m e t e r  a p a r t  were scanned beginning l mi l l ime te r  above t h e  convent ional  
pa th  and cont inuing t o  t h e  lowest  po r t ion  of  t h e  bone. The t o t a l  number 
of p a t h s  scanned i s  t h e r e f o r e  p ropor t iona l  t o  t h e  s i z e  of  t h e  bone which, 
of course ,  has  i n d i v i d u a l  v a r i a t i o n s .  
were r equ i r ed  t o  cover t h e  os c a l c i s  po r t ion  examined, while  35 p a r a l l e l  
scans were needed f o r  t h e  p i l o t .  Figure 7-2 i l l u s t r a t e s  t h e  alinement 
of p a r a l l e l  p a t h s  through t h e  o s  c a l c i s  p o r t i o n  examined al though not  
every p a t h  i s  shown i n  t h e  i l l u s t r a t i o n .  

For t h e  command p i l o t  34 pa ths  

Sec t ions  of  t h e  phalanx 4-2 and 5-2.- The second phalanx of  t h e  
f o u r t h  and t h e  f i f t h  f i n g e r  of  t h e  l e f t  hand was scanned by p a r a l l e l  
c r o s s - s e c t i o n a l  p a t h s  1 mi l l ime te r  apar t  a l i n e d  t a n g e n t i a l l y  wi th  t h e  
l o n g i t u d i n a l  a x i s  and covering the  en t i re  bone a r e a  ( f i g .  7-3). 

D i s t a l  end o f  r ad ius . -  A s i n g l e  scanning pa th  was made through t h e  
d i aphys i s  of  t h e  l e f t  r a d i u s  p a r a l l e l  t o  t h e  d i s t a l  su r face  ( f i g .  7-4).  

The t a l u s . -  A s i n g l e  scanning path was made through t h e  t a l u s  of  
t h e  l e f t  f o o t  o r i g i n a t i n g  at t h e  i n f e r i o r  su r face  and p r o j e c t i n g  a n t e r i -  
o r l y  t o  t h e  conspicuous landmark shown i n  f i g u r e  7-1. 

INTERPRETATION OF THE TERM, "X-RAY ABSORBENCE" BY BONE 

The term "X-ray absorbence" by bone as used i n  t h i s  r e p o r t  r e f e r s  
t o  t h e  beam a t t e n u a t i o n  r e s u l t i n g  from t h e  hydroxyapat i te  and water- 
organic  con ten t s  i n  t h e i r  r e l a t i v e  weight concent ra t ions  t o g e t h e r  wi th  
t h e  over- and under ly ing  s o f t  t i s s u e .  Although changes i n  composition 
o r  t h i c k n e s s  of t h e  over ly ing  s o f t  t i s s u e  could account f o r  s l i g h t  
changes i n  t o t a l  X-ray absorp t ion ,  our t e s t s  have shown t h a t  i n  t h e  case  
o f  t h e  o s  c a l c i s ,  e r r o r s  accountable t o  changes i n  s o f t  t i s s u e  mass a r e  
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s l i g h t ,  with changes i n  th i ckness  of one mi l l ime te r  account ing f o r  X-ray 
absorpt ion changes of  approximately one pe rcen t .  

X-ray Absorption Changes i n  t h e  Cen t ra l  O s  Ca lc i s  Sec t ion  

(Conventional Pa th)  

The X-ray absorp t ion  va lues  ( i n  terms of  c a l i b r a t i o n  wedge equiva- 
lency  i n  grams) obtained from t h e  c e n t r a l  os c a l c i s  s e c t i o n  dur ing  t h e  
Gemini V s tudy a r e  shown i n  f i g u r e  7-5 and t a b l e  7-1. Based on an aver-  
age of a l l  fou r  p r e f l i g h t  wedge equivalency va lues ,  t h e  command p i l o t  
showed a change of  19.3 percent  i n  t h i s  s e c t i o n  of  bone, with a 15.1 pe r -  
cen t  change when t h e  immediate p o s t f l i g h t  film w a s  compared with t h a t  
made immediately be fo re  launch. The corresponding va lues  f o r  t h e  p i l o t  
were 9.0 and 8.2 percent .  Recovery w a s  s u b s t a n t i a l l y  complete i n  bo th  
a s t ronau t s  on t h e  28th day (10 days p o s t f l i g h t ) ,  and f u l l  recovery had 
occurred by t h e  75th  day (58 days p o s t f l i g h t ) .  

Changes i n  Mul t ip le  Sec t ions  of  t h e  O s  Ca lc i s  

Thir ty-four  p a r a l l e l  scans were made of  each os  c a l c i s  radiograph 
of t h e  command p i l o t  and 35 scans were made o f  t h e  radiograph of  t h e  
p i l o t  covering approximately 60 percent  of  t h e  t o t a l  bone mass i n  each 
as t ronaut  ( f i g .  7 -2) .  

Figure 7-6 i n d i c a t e s  t h a t  t h e  va lues  immediately fo l lowing  t h e  
f l i g h t  and 24 hours  a f t e r  were lower than  any of t h e  p r e f l i g h t  va lues  
with a 10.3 percent  decrease i n  t h e  command p i l o t  and an 8.6 percent  
decrease i n  t h e  p i l o t .  Complete recovery had occurred by t h e  75th  day 
(58 days p o s t f l i g h t ) .  

Comparison of Four Groups of O s  Ca lc i s  

( P a r a l l e l  Sec t ions )  

In  a n  e f f o r t  t o  determine which reg ions  3f t h e  o s  c a l c i s  a r e  t h e  
most s e n s i t i v e  r e f l e c t o r s  of changes on bone mass, t h e  mul t ip l e  scans 
were divided i n t o  fou r  groups each represented  by a l o n g i t u d i n a l  s e c t i o n  
of bone approximately 9-10 mil l ime te r s  wide. The changes between t h e  



p r e f l i g h t  and p o s t f l i g h t  va lues  of four s e c t i o n s  f o r  each a s t ronau t  were 
t h e  following: 

(1) Super ior  s e c t i o n  (segments 1 mi l l ime te r  above t h e  
scan through segment 8 below) 

Command p i l o t  . . . . . .  -12.8 pe rcen t  
P i l o t  . . . . . . . . . .  - 8.5 percen t  

(2 )  Second s e c t i o n  (segments 9 through 18 below t h e  
convent ional  scan) 

Command p i l o t  . . . . . .  -11.8 pe rcen t  
P i l o t  . . . . . . . . . .  - 9.1 pe rcen t  

(3) Third s e c t i o n  (segments 9 through 18 below t h e  
convent ional  scan) 

Command p i l o t  . . . . . .  - 4.4 pe rcen t  
P i l o t  . . . . . . . . . .  - 7.5 pe rcen t  

(4) I n f e r i o r  s e c t i o n  (segments 28 t o  i n f e r i o r  su r face  
of o s  c a l c i s )  

Command p i l o t  . . . . . .  - 4.7 pe rcen t  
P i l o t  . . . . . . . . . .  - 7.5  percent  

As  expected, t h e r e  i s  some incons is tency  i n  t h e  magnitude of changes 
from s e c t i o n  t o  s e c t i o n .  However, i t  i s  apparent  t h a t  t h e  bone mass 
decreased somewhat more i n  t h e  super ior  s e c t i o n s  than  i n  t h e  i n f e r i o r  
s e c t i o n s  i n  bo th  a s t r o n a u t s .  
g r e a t e r  p ropor t ion  of cance l lous  t o  c o r t i c a l  bone i n  t h e  supe r io r  r eg ions  
than  i n  t h e  i n f e r i o r  reg ions  of t h e  os  c a l c i s ,  expla in ing  t h e  f a c t  t h a t  
changes of  g r e a t e r  magnitude a r e  o f t e n  seen i n  t h e  convent ional  scanning 
pa th  than  i n  m u l t i p l e  scans of  t h e  e n t i r e  bone. 

This  e f f e c t  m a y  be  a t t r i b u t e d  t o  t h e  

Changes i n  t h e  D i s t a l  Area of t h e  Radius 

During t h e  8-day Gemini V f l i g h t ,  t h e  X-ray wedge mass equivalency 
o f  t h e  d i s t a l  end of t h e  l e f t  r a d i u s  decreased by -25.3 pe rcen t  i n  t h e  
command p i l o t  and by -22.3 pe rcen t  i n  the p i l o t .  The p r e f l i g h t  va lues  
were regained i n  both  a s t r o n a u t s  by t h e  75th  day ( f i g .  7-7).  
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Changes i n  t h e  Talus 

The X-ray wedge mass equiva lenc ies  a t  t h e  ta lus  scanning s i t e  made 
immediately p o s t f l i g h t  w a s  13 .2  percent  lower than  t h e  f i n a l  p r e f l i g h t  
value i n  t h e  command p i l o t ,  and 9.8 pe rcen t  lower i n  t h e  p i l o t .  Recovery 
was f a s t e r  i n  t h e  t a l u s  than  i n  t h e  r a d i u s ,  however, with bo th  a s t r o n a u t s  
exh ib i t i ng  almost f u l l  recovery on t h e  27th day (18 days p o s t f l i g h t )  and 
f u l l  recovery by t h e  75 th  day (58  days p o s t f l i g h t ) .  

Bone Mass Changes i n  Hand Phalanges 4-2 and 5-2 

A s  i n  t h e  case o f  t h e  os  c a l c i s ,  mu l t ip l e  p a r a l l e l  scans were made 
across  hand phalanges 4-2 and 5-2 so t h a t  t h e  e n t i r e  a r e a  of  each phalanx 
i n  p o s t e r i o r - a n t e r i o r  p r o j e c t i o n  was eva lua ted  ( f i g .  7-3).  
wedge mass equivalency were noted i n  both phalanges dur ing  t h e  8-day 
o r b i t a l  phase of  t h e  s tudy ,  a l though i n  bo th  a s t r o n a u t s  t h e  decrease  i n  
phalanx 5-2 was g r e a t e r  than  t h a t  i n  4-2.  
22.6 percent  decrease i n  wedge mass equivalency occurred when t h e  imme- 
d i a t e  p o s t f l i g h t  value was compared with t h e  average of  t h e  fou r  p r e -  
f l i g h t  f i l m s ,  and t h e  p i l o t  decreased by 24.5 pe rcen t .  
phalanx 4-2, decreases  of -6 .2  and -6.4 percent  occurred i n  t h e  command 
p i l o t  and p i l o t ,  r e s p e c t i v e l y  ( f i g s .  7-9 and 7-10).  

Decreases i n  

I n  t h e  command p i l o t  a 

I n  hand 

RELATION OF SPACE FLIGHT FINDINGS TO FINDINGS 

FROM TWU BED-REST STUDIES 

In  t h i s  Gemini V s tudy,  an amount of 845 mill igrams of calcium w a s  
provided per  day f o r  each m a n  dur ing  t h e  o r b i t a l .  f l i g h t .  
hand, a mean o f  only 373 mil l igrams d a i l y  was consumed by t h e  command 
p i l o t ,  and a mean of  333 mil l igrams by t h e  p i l o t .  

On t h e  o t h e r  

I n  t h e  TWU bed r e s t ,  one group o f  men w a s  p laced  on an extremely 
low l e v e l  of  calcium, with mean d a i l y  l e v e l s  consumed tending  t o  be even 
s l i g h t l y  below those  of t h e  Gemini V a s t ronau t s .  Table 7-11 summarizes 
t h e  comparative wedge mass equivalency changes i n  t h e  c e n t r a l  os  c a l c i s  
sec t ion  f o r  bo th  a s t r o n a u t s  and f o r  four  bed - re s t  s u b j e c t s  on similar 
average l e v e l s  of  calcium f o r  s i m i l a r  pe r iods  of t ime.  



DISCUSS I ON 

Densi tometr ic  eva lua t ions  of s e r i a l  radiographs of "normal" s u b j e c t s  
have o f t e n  shown r a t h e r  f requent  changes in  bone mass wi th in  r e l a t i v e l y  
s h o r t  p e r i o d s  o f  t ime.  For t h i s  reason it w a s  decided t o  make two p re -  
f l i g h t  and two p o s t f l i g h t  radiographs of the  Gemini V backup crew. I n  
comparing t h e  changes observed p r e f l i g h t  and p o s t f l i g h t  as t h e  conven- 
t i o n a l  os c a l c i s  scanning s i t e  between the two crews, it was found t h a t  
no changes g r e a t e r  than  4 percent  were evident i n  e i t h e r  member of t h e  
backup crew. 
observed i n  t h e  prime crew. 

This  i s  i n  c o n t r a s t  t o  t h e  15.1 and 8.9 percent  l o s s e s  

It has long  been known t h a t  t h e  s k e l e t a l  system experiences a gen- 
e r a l  l o s s  of  minera l  under immobilization o r  extended bed r e s t .  
i n  bo th  Gemini IV and Gemini V s t u d i e s ,  bone mass l o s s e s  were g r e a t e r  i n  
bo th  t h e  os c a l c i s  and phalanx than  were shown by t h e  TWU bed- re s t  sub- 
j e c t s  dur ing  t h e  same pe r iod  of t ime.  

However, 

Although t h e  bone mass l o s s e s  i n  t h e  8-day Gemini V f l i g h t  were 
g e n e r a l l y  g r e a t e r  than  i n  t h e  4-day Gemini IV f l i g h t ,  t h e  information t o  
d a t e  i s  s t i l l  i n s u f f i c i e n t  t o  conclude t h a t  t h e  l o s s e s  t end  t o  progress  
l i n e a r l y  wi th  t ime,  o r  whether a form of  phys io logica l  adap ta t ion  may 
occur  i n  longer  space f l i g h t s .  
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TABLE 7-1.- EVALUATION OF CENTRAL os CALCIS POSTERIOR-ANTERIOR 

"CONVENTIONAL" SEGMENT 

Radiographs 

Mean of va lues  from p r e f l i g h t  
f i l m s  

Film taken  immediately before  
l i f t - o f f  

( a )  Command p i l o t  

X-ray absorp t ion  va lues  i n  terms 
of aluminum wedge equivalency,  

grams 

2.0205 

1.9193 

Film taken  immediately a f te r  
end of f l i g h t  

Film taken 10  days a f t e r  end of 
f l i g h t  

Film taken 58 days a f t e r  end of 

1.6295 

1.9215 

( b )  P i l o t  

Mean of va lues  from p r e f l i g h t  
f i lms  

Film taken  immediately before  
l i f t - o f f  

Film taken  immediately a f t e r  
end of f l i g h t  

Film taken 1 0  days a f t e r  end of 
f l i g h t  

Film taken 58 days a f t e r  end of 
f l i g h t  

1.8214 

1.8169 

1.6574 

1.7762 

1.8160 
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Based on mean 
of p r e f l i g h t  

o f  conswned/day, 
mil l igrams 

TABLE 7-11.- COMPARISON OF WEDGE MASS EQUIVALENCY LOSSES IN CENTRAL 

OS CALCIS OF GEMINI  V CRFW AXE OF TWU BED-REST SWECTS 

ON SIMILAR DAILY INTAKES OF DIETARY CALCIUM FOR SIMILAR PERIODS OF TIME 

Based on l a s t  
va lue  be fo re  

Sub j ec t s 

Command p i l o t  8 

TWU Bed r e s t  

Subject 1 

Subject 2 

Subject 3 r Subject 4 

values  launch 

373 -19.3 -15 .i 

I I Cent ra l  os c a l c i s  wedge m a s s  I 

8 

equivalency change, percent  Number I Average calcium I 

333 -9.0 -8.2 
Based on va lue  
be fo re  bed r e s t  

8 307 X -8.65 
I I I I 

8 1  292 I X I -5.06 I 
8 1  503 X 

X I -8.06 I 



Figure 7-1.- Reproduction of positive of the l a t e r a l  radiograph of the l e f t  
foot of the Gemini V command p i lo t  indication conventional scanning paths 
of os  calcis  and ta lus .  
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Figure 7-2.- Reproduction of the posit ive of the radiograph of the l e f t  foot 
of the Gemini V p i lo t  indicating multiple para l le l  paths. 
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Figure 7-3.- Reproduction of the positive of the radiograph of the l e f t  hand 
of the Gemini V p i lo t  indicating parallel  paths of phalanges 4-2 and 5-2. 
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Figme 7-4.- Reproduction of the positive of the radiograph of the l e f t  hand of 
the Gemini V command p i lo t  indicating the scanning path of the d i s t a l  radius. 
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